INTRODUCTION
The pine wilt disease, caused by the pine wood nematode (PWN), Bursaphelenchus xylophilus (Steiner & Buhrer) Nickle, is one of the most serious forest diseases in Asian countries (reviewed by Kishi, 1995; Zhao et al., 2008) and is also recently threatening European pine forests (Mota et al., 1999) . The recent spread and globalization of pine wilt disease implies inadequacies in the current plant quarantine procedures at ports of entry. In general, the pathogenic nematodes are identified and counted using a microscope after being extracted from infested wood tissues by the Baermann funnel method. This extraction method requires moderate quantities of host tissues and long extraction times, usually for one day or more (e.g. 48 hrs in Akbulut et al., 2006) . Also, as it relies on nematode mobility, it is subject to considerable variation in extraction efficiency, especially when inactive nematodes and eggs are present in the sample (Curran and Heng, 1992; Hass et al., 1999) . In addition, there are many species closely related to the PWN, such as Bursaphelenchus mucronatus Mamiya & Enda, which makes it difficult to identify the PWN by its morphological characters (Mamiya and Enda, 1979 ). Recent studies have described molecular identification methods of the PWN, such as DNA fingerprinting (Webster et al., 1990; Harmey and Harmey, 1993) , PCR-RFLP (Hoyer et al., 1998; Iwahori et al., 2000; Zheng et al., 2003) , sequencing analysis (Zheng et al., 2003) , PCR (Leal et al., 2005) , and real-time PCR (Cao et al., 2005; Leal et al., 2007) , which all were applied to isolated nematodes and therefore required a large amount of sample wood harboring living nematodes active enough to be extracted. Such techniques greatly improved the reliability of identification and reduced the time needed to process samples. Takeuchi et al. (2005) employed the genomic DNA directly extracted from pine tissues as a PCR template, eliminating the need to extract nematodes, and improved the sensitivity of nematode detection by a nested-PCR assay. This report indicates the possibility of quantitative assays using molecular techniques without extracting nematodes from the infested tissues, which would reduce the sample size to milligram amounts of pine tissue and would not require morphological expertise for PWN identification. Such a small sample size, however, may involve a risk of over-or under-estimates in nematode quantification because the target organism is not uniformly distributed (reviewed by Takemoto, 2008) , and therefore the molecular quantification method should be compared with a conven- A new diagnostic and quantitative real-time PCR assay was developed for the pine wood nematode, Bursaphelenchus xylophilus, which causes a serious epidemic wilt disease of susceptible landscape and forest pine trees. One, 10, 50, 100, 200 , and 400 individuals of B. xylophilus in 100 mg of pine tissues were detected and quantified with two sets of primers coding the rDNA-ITS region and -tubulin (tbb) gene of B. xylophilus, avoiding the need to extract nematodes with Baermann funnels. The assay was efficient, specific for pine wood nematode and sensitive enough to detect a single individual in pine tissues. To test the applicability of the assay for infested hosts, seedlings of the susceptible host species, Pinus thunbergii, were inoculated with B. xylophilus, and the dispersal and multiplication of B. xylophilus inside the seedlings were monitored by both Baermann funnel extraction and realtime PCR. Quantification by real-time PCR gave similar trends in estimates of the nematode population changes inside the host to those obtained by Baermann funnel extraction, although the size of the population estimated was larger for the new method than for the Baermann funnel extraction. The method developed in this study, which was expected to detect and quantify all life stages of the pine wood nematode should be useful for quarantine and field diagnosis. Nematol. Res. 39 (1) , 9-16 (2009). Key words : Baermann funnel method, dispersal, molecular quantification, pine wilt disease, propagation. tional one to prove its validity. In the present study, we developed a molecular quantification assay for PWN in pine tissues using real-time PCR without nematode extraction. To optimize and actualize the method, two sets of primers coding PWN-DNA were compared for sensitivity and efficiency in detecting PWN. To evaluate the assay for field use, parallel samples from inoculated susceptible host seedlings were compared using real-time PCR and Baermann funnel nematode extraction.
MATERIALS AND METHODS

Samples for quantitative standard:
The optimal conditions and calibration curves for the real-time PCR assay were determined using standard samples with known numbers of PWN. Standard samples were prepared by mixing 1, 10, 50, 100, 200 or 400 PWN nematodes with 100 mg in fresh weight of woody tissues taken from a one-year-old branch of an intact tree of Japanese black pine, Pinus thunbergii Parl., a susceptible host species. DNA extraction from pine tissues:
Genomic DNA extraction from sample tissues was done according to Takeuchi et al. (2005) without modification. Briefly, the tissues were ground, using a mill (multibeads shocker, Yasui Kikai Co., Osaka, Japan) in liquid nitrogen (2,000 rpm at 90 sec), mixed well with 800 µl of 2 CTAB buffer the solution was extracted with 1 mL of chloroform/ isoamyl alcohol (24:1), DNA was precipitated with 3/4 volume (approx. 550-600 µl) of isopropanol. The resulting DNA pellet was rinsed with 70% ethanol and dried, and then dissolved in 200 µl of 1/10 TE (1 mM Tris-HCl; pH 8.0; 0.1 mM EDTA; pH 8.0).
Primers for detecting Bursaphelenchus xylophilus:
To amplify DNA fragments derived from PWN, two sets of primers were applied to real-time PCR assay, which targeted the ITS region of ribosomal DNA and ß-tubulin gene, tbb. As for primers coding the rDNA-ITS region including ITS1, 5.8S and ITS2, we used a set of highly specific primers designed by Takeuchi Real-time PCR was performed in a dedicated glass capillary using a kit, LightCycler ® FastStart DNA Master PLUS SYBR Green I (Roche Applied Science, Germany) and LightCycler ST300 (Roche Applied Science, Germany) following the product , s instructions. The 20 µl reaction mixture contained 5 µl of template DNA solution, 1 µl of each 10 µM primer and 4 µl of Master Mix consist- Fig. 1 . Illustration of the inoculation point and pine tissue sampling sites. Nematodes were inoculated at the stem base of each seedling, and after a certain period the main stem of the seedling was divided into segments 100 mm in length. The lowermost 20 mm from each segment was used for Baermann funnel extraction, and ca. 100 mg was taken from the uppermost part of each segment and used for DNA extraction.
ing of Reaction Mix and Enzyme Thermal cycling conditions were as follows: denaturation, 95 for 10 min; PCR-quantification, 45 cycles of 0 sec at 95 , 5 sec at 60 and 10 sec at 72 ; and melting, 0 sec at 95 , 15 sec at 65 and slow-heating up to 95 by 0.1 /sec. The heating slope was set at 20 /sec for the phase if not mentioned.
Plant inoculation with Bursaphelenchus xylophilus:
Thirty two-year-old potted seedlings of P. thunbergii, grown in a greenhouse at Kyoto University (Kyoto, Japan), were challenged with the PWN. Two isolates of the PWN, i.e., virulent S10 and avirulent C14-5, both of which were cultured on Botrytis cinerea (Fr.) Pers. growing on autoclaved barley grains, served as inoculum. For each isolate, 15 seedlings served as hosts. After extraction from culture plates by Baermann funnel, 5,000 nematodes in 500 µl of water suspension were inoculated onto each seedling.
Inoculation was conducted on 2 May 2006 with the method of Futai and Furuno (1979) . After peeling off a small section of bark at the base of the seedling stem, a cotton swab was placed on the wound, and 500 µl of the nematode suspension was pipetted onto the cotton. The inoculated site was immediately wrapped with Parafilm ® to prevent desiccation. After inoculation all seedlings were kept in the greenhouse with proper watering. Sampling and nematode extraction:
Samples of woody tissues for nematode-and DNAextractions were taken from inoculated seedlings four hrs, 24 hrs, three days, seven days, and 21 days after inoculation. At each time three seedlings were sampled per inoculum type. Woody tissues 20 mm in length (1.55 g in average) were sampled every 100 mm for nematode extraction by Baermann funnels for 24 hrs, and 100 mg of adjacent distal tissue was used for DNA extraction (Fig. 1) . Tissue samples for DNA extraction were immediately frozen by dipping into liquid nitrogen to prevent DNA degradation. The PWNs extracted by Baermann funnels were counted under a stereomicroscope.
RESULTS
Real-time PCR conditions and primers for detecting Bursaphelenchus xylophilus:
PCR amplifications of the ITS regions including ITS1, 5.8S, and ITS2 in rDNA and tbb gene from B. xylophilus generated ca. 450 bp-and 200 bp-fragments, respectively, irrespective of the nematode isolate used (Fig. 2) . As for the reaction amplifying rDNA-ITS, both the melting curve and melting peak showed that the dominant PCR products are certainly the same as that derived from PWN (Tm value: 87.42) and clearly different from the negative control (Fig. 3a) . Judging from the standard curve, the set of primers coding rDNA-ITS was appropriate for either sample, and did not depend on the number of nematodes infesting the sample tissues (Fig. 3b) . The primers coding the tbb gene of the PWN seemed unsuitable for detecting a small number of the PWN because the real-time PCR products from samples containing a single PWN may not be derived from PWN DNA (Fig. 4a) . The melting peaks of these differed from those of the other samples containing larger numbers of PWN. The standard curve also indicated that a single PWN could not be reliably quantified by this assay (error value: 0.232, Fig. 4b ). Excluding the results of such samples containing a single PWN, a better standard curve was drawn (error value: 0.134, Fig. 4c) . Repeated experiments gave similar results (data not shown). This improved curve was used in further analyses. Symptom development in pine seedlings after inoculation with Bursaphelenchus xylophilus: Table 1 gives the profile and disease progress of the Table 1 . Profiles of experimental Japanese black pine seedlings inoculated with the virulent (S10) or avirulent (C14-5) isolates of the pine wood nematodes (n = 3).
1 Resin exudation was tested on the cut surface at the bottom of each experimental seedling and the number of seedlings which exuded little, if any, resin is shown. 2 The number of seedlings which showed typical wilting symptoms of their needles is shown. Nematode extraction by Baermann funnels showed localized distribution of the living PWN until 7 days after inoculation (Fig. 5) . The PWN did not immediately disperse and remained around the inoculation site until 7 days after inoculation, irrespective of isolate. The uppermost positions of sample tissues containing living PWN were not greatly different between nematode isolates. The total numbers of both isolates extracted increased once, Values are the means of three replicates. In both reactions the virulent S10 isolate was distributed throughout seedlings (left), and the avirulent C14-5 isolate was located only around the inoculation point without significant multiplication (right).
and gradually decreased until seven days after inoculation. After 21 days from inoculation, the difference between isolates became obvious. The virulent isolate S10 had increased in number and had become widely distributed over the seedling at that time, while the avirulent isolate C14-5 showed the smallest number through the experiment and the majority of nematodes were localized within 200 mm from the inoculation site. Detection of Bursaphelenchus xylophilus in host seedlings by real-time PCR assay: The real-time PCR assay showed similar fluctuations in numbers of PWN inside hosts to those found by direct extraction, though the estimate of population size in the real-time PCR was much larger than the other method (Figs. 5, 6 ). When the primers amplifying rDNA-ITS were employed, the estimated number of the S10 isolate gradually increased around the inoculation site and increased throughout the seedlings 21 days after inoculation. In contrast, C14-5 numbers gradually decreased around the inoculation site and remained low until the end of the experiment.
The primers for the tbb gene also showed a wide dispersal of S10 and localization of C14-5. The primers for rDNA-ITS estimated the number of PWN to be more than the number estimated with primers for the tbb gene; the estimated number of S10 was approximately 1.5 to 2 times more than that in the estimation based on the tbb gene.
DISCUSSION
The real-time PCR technique is increasingly applied in biological research, for example in detecting extremely small organisms (Cao et al., 2005; Leal et al., 2007) , estimating target populations (Berry et al., 2008) , differentiating mixed populations (Verweij et al., 2007) , analyzing gene expressions (Hoogewijs et al., 2008) , and so on. The realtime PCR can be usually completed within 1 hr and needs neither electrophoresis nor ethidium bromide-staining. Here we developed a quantification method based on realtime PCR to directly determine the population size of the pathogenic nematode B. xylophilus, and described its practical usefulness. The standard curves which gave very low error values (Figs. 3b, 4c ) indicate that the quantification by real-time PCR should be highly reliable, although the tbb gene seemed unsuitable for a precise estimation of populations less than 10 nematodes (Fig. 4) . This might be because the species-specificity of the primers was low in amplifying the tbb gene, and unexpected fragments, possibly the ß-tubulin gene derived from P. thunbergii or other contaminant organisms, might be amplified when there is a low concentration of the target gene (Fig. 4a ).
In the practical study using pine seedlings inoculated with the PWN, the newly-developed method based on realtime PCR showed a similar trend of the nematode population changes to that obtained by the conventional counting of the nematodes extracted, though the sample amounts used were quite different; i.e. 100 mg for the new method and ca. 1.55 g for the conventional method (data not shown): the virulent S10 isolate had multiplied and dispersed in 21 days while the avirulent C14-5 isolate gradually decreased in population (Figs. 5, 6 ). However, the numbers of PWN in the populations estimated were quite different between the real-time PCR-based method and the Baermann funnel extraction, by orders of magnitude. The reasons for this could be that the Baermann funnel method is unable to extract all nematode individuals because it depends upon the mobility of nematodes. Also, the pine tissues that inevitably contain plenty of oleoresin could disrupt nematode movement. For these reasons estimation by direct extraction may underestimate the nematode population. On the contrary, the real-time PCR-based method targets nematode DNA of both living and dead individuals. It should also detect eggs as well as dead and/or inactive nematodes since even these have DNA fragments which can be amplified by PCR. This may indicate that the molecular estimation represents the accumulated population of individual nematode DNA, not the actual population of living PWN at that time. Considering that the expiration date of DNA, i.e., how long the dead nematode DNA can be assayed, may come rapidly (Herdina et al., 2004) , eggs and inactive nematodes, rather than dead nematodes, could mainly contribute to the overestimation. On the other hand, this distinct difference may be attributed to the sample quantities employed; perhaps dense aggregates of PWN caused the overestimation in the molecular assay using tiny woody pieces taken by chance. In practical applications multiple sampling from each test tree might be preferable, in order to diminish the risk of false diagnosis due to sample size. DNA extractions from a larger amount of tissues, for example by using a mortar and pestle, or mixed and concentrated DNA solutions which derive from several samples might be required instead.
In pine wilt disease, latent infection is now arousing scientific interest. There have been several reports on asymptomatic carrier trees or latent carrier trees , which show few, if any, symptoms even though they have been colonized by the nematode (Bergdahl and Halik, 1999; Futai, 2003; Takeuchi and Futai, 2007) . Because normal diagnosis can not detect such trees, they can easily evade eradication and remain in the field for long periods.
They occasionally become symptomatic and die, becoming a suitable source for oviposition for the vector beetle of PWN, and thereby a hidden source of the pathogen in natural field conditions. Small numbers of PWN do not always harm their host tree even if they successfully invade it, but a mass of PWN can kill the tree. This means that not only detection, but also quantification of the PWN is necessary to find out the dangers in pine trees. If future study clarifies the minimal population required to harm a tree, it may become possible to predict tree fate, and therefore to decide whether the tree should be cut down, by quantifying the PWN population which the tree harbors. Our method, which employs only small amounts of sample tissues without causing any serious damage to the test tree in sampling, should be useful especially in diagnosing such latent infestations. Furthermore, more practically, our method should meet the requirements of quarantine procedures because of its rapidness and sensitivity.
The method described in the present study does not require experienced personnel to identify nematodes to the species level, and the nematode can be detected in any life stage. Also, it can efficiently analyze rapid-frozen samples, as in our study, and probably freeze-dried samples, permitting the storage of a large number of samples. This should be a practical advantage, compared with methods involving extraction of live nematodes requiring fresh samples and long extraction times (Leal et al., 2005 (Leal et al., , 2007 Cao et al., 2005) . This technique may be applied to diagnose other diseases irrespective of the pathogen type and may be useful for early and accurate detection of latent infections.
